degenerate kinematic chain is a movable kinematic chain with rigid subchains. This paper presents an effective algorithm for the detection of degenerate kinematic chains based on the loop-decreasing method. Some theorems are proved, and the detection algorithm is proposed. A computer program is developed for the automatic detection of degenerate kinematic chains. The result of this work is beneficial to the automation of number synthesis of mechanisms.
INTRODUCTION
Number synthesis of kinematic chains plays an important role in the early stage of mechanism design.
It is needed to generate all possible kinematic chains for further design.
In the past years, several methodologies [l-5] have been proposed for the synthesis of basic configurations of kinematic chains. Recently, most papers [6-lo] tend to automatically generate the atlas of kinematic chains by computer. One of the problems in these methodologies is the detection of degenerate kinematic chains from the candidate kinematic chains. A degenerate kinematic chain containing 3-link or 5-link basic rigid chains can be easily detected by their simple configurations (see Figure la and b). But, it is difficult to detect a kinematic chain containing a basic rigid chain with seven links or more. The reason is that the number of basic rigid chains with seven links or more is large and their configurations are complex. For example, there are three 7-link basic rigid chains (see Figure Ic) , twenty-eight g-link basic rigid chains [9] , and hundreds of ll-link basic rigid chains [lo] . The purpose of this paper is to present an algorithm for the automatic detection of degenerate kinematic chains containing basic rigid chains with any number of links.
TERMINOLOGY
A kinematic chain is an assembly of links and revolute joints. A rigid chain is defined as a kinematic chain with zero degrees-of-freedom when one link is grounded, and it is not movable. A basic rigid chain is one without any rigid subchain.
For example, Figure 2 shows a rigid chain, and Figure 1 shows some basic rigid chains. A kinematic chain with positive degrees-of-freedom and containing any basic rigid subchain is a degenerate kinematic chain. A degenerate kinematic chain can be transformed into a chain with fewer links by replacing the rigid subchain with a single link. For example, Figure 3a shows a degenerate kinematic chain with a J-link basic rigid subchain, and Figure 3b shows an equivalent kinematic chain of the degenerate kinematic chain by replacing the 3-link subchain with a binary link. Therefore, the new kinematic chain will have L' independent loops and F' degrees-of-freedom as follows: PROOF. Assume that a kinematic chain with L independent loops contains a basic rigid subchain with L -1 independent loops. By replacing this basic rigid subchain with a single link, the original kinematic chain will be transformed into a single-loop kinematic chain with binary links only. From Equation (2) , the number of binary links of a single-loop kinematic chain must be F + 3. Among these binary links, one is formed by the basic rigid subchain, and the others will form an (F + 2)-contracted-link.
It means that the original kinematic chain must contain an (F + 2)-contracted-link (see Figure 5 ). It is a contradiction. Therefore, a kinematic chain with L independent loops having no (F + 2)-contracted-link cannot contain a basic rigid chain with L -1 independent loops. I 
where 1zi is the number of links with i joints. Substituting Equations (3) and (4) into Equation (2), we can obtain 122 = F + 3 + 784 + 2nij + 3n6 + e . . .
Because 7~4, 125, n#j, . . . cannot be negative, a kinematic chain must have at least F+3 binary links. If a kinematic chain contains several basic rigid subchains, any one of these basic rigid subchains can be replaced by a single link to form a new kinematic chain. Also, this new kinematic chain must have at least F + 3 binary links. Among these F + 3 binary links, one may be the link replaced by the basic rigid subchain, and the others may not belong to this basic rigid subchain. Therefore, there are at least F + 2 binary links in a kinematic chain which do not belong to a basic rigid subchain.
DETECTION ALGORITHM
Based on the proved theorems, we present'an algorithm for the detection of degenerate kinematic chains containing a basic rigid subchain with Na links. The basic concept of this algorithm is: If a kinematic chain contains a basic rigid subchain, then the basic rigid subchain can be detected by decreasing loops of the kinematic chain by removing its m-contracted-links. According to Theorem 5, all m-contracted-links (m > 2) had better be first removed in order to simplify the kinematic chain. After all m-contracted-links (m 1 2) are removed, only l-contracted-link remained; removing a binary link can destroy one loop of the new kinematic chain. In order to guarantee that not only the binary links in the basic rigid subchain are removed, we should at least remove ni -F' -1 binary links (Theorem 6) in sequence, where 12'2 is the number of binary links and F' is the degrees-of-freedom of the new kinematic chain. The flowchart of this algorithm is shown in Figure 6 and is outlined in the following steps. Step 5, calculate the number of binary links na, arbitrarily select n$ -F' -1 binary links to be removed (Theorem 6), and remove only one of them each time to generate ni -F' -1 subchains.
Store these chains into the stack and repeat Step 4.
EXAMPLE. Check the kinematic chain shown in Figure 7a whether a degenerate kinematic chain or not.
(1) Remove the 2-contracted-link in the kinematic chain. A subchain with twelve links and one degree-of-freedom is generated, as shown in Figure 7b . (2) There are five l-contracted-links in the chain (n$ = 5, F' = 1) as shown in Figure 7b . Select three (= 71'2 -F' -1) of them arbitrarily and remove one of these three binary links each time to generate three subchains with eleven links and two degrees-of-freedom, as shown in the Figure 7c -e, respectively.
Store these chains in the stack. (3) Take out the chain (N' = 11, F' = 2, na = 5), as shown in Figure 7c , from the stack.
Select two (= nl, -F' -1) binary links to be removed, and remove one of them each time to generate two chains with ten links and three degrees-of-freedom. Store the results in the stack (not shown in Figure 7 ). (4) Take out another chain, as shown in Figure 7d , from the stack. Remove the 4-contractedlink in the chain, and a new kinematic chain with zero degree-of-freedom (a rigid chain) is generated, as shown in Figure 7f . Therefore, the original chain is a degenerate kinematic chain and stop the procedure.
The remaining chains in the stack need no more examination.
COMPUTER PROGRAM
Based on the previous algorithm, a computer program is developed for the automatic detection of degenerate kinematic chains. Given the link adjacency matrix of a candidate kinematic chain, this program will detect the kinematic chain whether a degenerate kinematic chain or not. 
CONCLUSION
This paper provides a simple and efficient algorithm for the detection of degenerate kinematic chains. The algorithm is based primarily on some basic theories and the concept of decreasing loop of chain, and it can be applied to detect degenerate kinematic chains with any number of links. It should be pointed out that this procedure applies only to planar closed-loop kinematic chains with revolute joints.
The result of this work is beneficial to the automation of number synthesis of mechanisms. 
